
Auto-Crosslinked Rigid Foams Derived from Biorefinery
Byproducts
Pierluigi Tosi,[a] Gerard P. M. van Klink,[b] Alain Celzard,[c] Vanessa Fierro,[c] Luc Vincent,[a]

Ed de Jong,[b] and Alice Mija*[a]

Introduction

Porous materials have a number of key applications such as in

catalysis,[1, 2] separation,[3] sensors,[4] or ion exchange.[5] Depend-
ing on the expected applications, the important parameters,

apart from the IUPAC classification of pore size, are, for exam-
ple, the effective and apparent porosity, the specific surface

area, and the cell morphology. A distinction can also be made

between open and closed cells, whether the internal area of
each cell is accessible or not. In particular, porous carbon ma-

terials derived from sustainable precursors have been shown
to have important applications, although these are rather limit-

ed to micro-mesoporous activated carbons (ACs) at the indus-
trial scale.[6, 7] Purely mesoporous carbon materials are generally
achieved by sacrificial templating followed by high tempera-

tures of carbonization. Thus far, a few studies have been con-

ducted[7–12] to achieve highly porous functional carbon materi-

als from renewable precursors. This research topic is rapidly
growing, attracting interest thanks to the clear economic ad-

vantage, the more sustainable chemistry, and the broad range
of possible applications. Despite this, important drawbacks

have been reported in the synthesis of biomass-based materi-

als, mainly related to the poor control of some key characteris-
tics such as batch-to-batch reproducibility, morphology, porosi-

ty, uniformity, surface chemistry, along with the disadvanta-
geous use of toxic chemicals that still might be required.

Therefore, biomass precursors that would be both repeatable
and easy to use, as well as requiring cost-effective and sustain-

able synthesis routes, would be most welcome.

Humins

Renewable resources and low-cost biomass in particular have

attracted considerable interest during the last few decades as
valid alternatives to the massive use of fossil resources. Among

them, lignocellulosic biomass represents an appealing option,

as it is one of the most abundant carbon sources available in
nature.[13–16] Sugars can be obtained from lignocellulosic bio-

mass[17] and subsequently converted by biorefinery methods
into several platform chemicals. Industrially relevant com-

pounds are 5-hydroxymethylfurfural (HMF) and levulinic acid
(LA), derived from the acid-catalyzed dehydration (ACD) of

fructose and/or glucose obtained from lignocellulosic bio-

mass.[18] Unavoidably, during the ACD process, a large amount
of insoluble polymeric byproducts called humins are also

formed (Scheme 1).[19–26] Humins are dark-colored highly vis-
cous polymeric materials,[27] mainly derived from random and

uncontrollable condensations of HMF, its precursors, and its
derivatives in acidic catalytic conditions. Despite several at-

A new macroporous foam-like material is presented based on
autocross-linking humins, an industrial biorefinery byproduct.

Humins foams are obtained by a simple heating process, with-
out any pretreatment and with high control of morphology,
porosity, and carbon content. Untreated humins have been
characterized by GC, ultra-performance liquid chromatography
(UPLC), elemental analysis, and FTIR, whereas the mechanism
of foaming was elucidated by a combination of thermal and

rheological analyses. A preliminary screening of conditions was

conducted to identify the parameters controlling this foaming

process. A foam was produced in a controlled way with open

and/or closed cells with cell diameters between 0.2 and
3.5 mm. Humins foams were characterized by Raman spectros-
copy, FTIR, SEM, nitrogen adsorption, pycnometry, and me-
chanical tests. The results show that, based on humins, it is
possible to obtain porous materials with controlled architec-
tures and a range of parameters that can be tailored, depend-

ing on the foreseen applications.

[a] P. Tosi, Dr. L. Vincent, Prof. A. Mija
Institute of Chemistry of Nice, UMR CNRS 7272
Universit8 Cite d’Azur, University of Nice Sophia Antipolis
Parc Valrose, 06108 Nice cedex 2 (France)
E-mail : alice.mija@unice.fr

[b] Dr. G. P. M. van Klink, Dr. E. de Jong
Avantium Chemicals B.V.
Zekeringstraat 29, 1014 BV Amsterdam (The Netherlands)

[c] Prof. A. Celzard, Prof. V. Fierro
Institut Jean Lamour
University of Lorraine
27 rue Ph. Seguin, BP 21042, 88051 Epinal cedex 9 (France)

Supporting Information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https://doi.org/10.1002/cssc.201800778.

T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

ChemSusChem 2018, 11, 2797 – 2809 T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2797

Full PapersDOI: 10.1002/cssc.201800778

http://orcid.org/0000-0001-5208-5956
http://orcid.org/0000-0001-5208-5956
https://doi.org/10.1002/cssc.201800778


tempts at preventing the formation of humins, their produc-
tion can never be avoided and represents the main drawback

for an industrial-scale ACD step. In terms of molecular struc-
ture, humins are influenced by the operational conditions used

during the ACD process of sugars (e.g. , the natures of the sol-
vent, feedstock, and catalyst used, sugar concentrations, tem-

perature, residence time, post-treatment). Therefore, these re-

calcitrant organic materials are rather ill-defined and their
structure is still under investigation. Sumerskii et al.[28] pro-

posed a pathway for humins formation involving HMF poly-
condensation through electrophilic substitution, leading to the

formation of ether and acetal bonds between the furanic rings.
The analysis of the molecular structures of ACD-derived

humins revealed a content of 60 % furan rings and 20 % ali-

phatic chains. Patil and Lund[29, 30] proposed a mechanism in-
volving the formation of a 2,5-dioxo-6-hydroxyhexanal (DHH)

intermediate from the rehydration of HMF. According to this
mechanism, DHH leads to aldol condensation with HMF car-

bonyls. Still, DHH was never detected or isolated, perhaps
owing to its high reactivity, but the aldol condensation path

was confirmed by addition of benzaldehyde to an HMF solu-

tion subjected to ACD reaction. Benzaldehyde was, as expect-
ed, included in the humins molecular structure and observed

by IR spectroscopy. LA, instead, generally does not seem to be
incorporated in the humins network, although IR analysis re-

vealed a conjugated C=C network of aliphatic fragments and
furan rings, as well as the presence of carbonyl moieties. In

2017, Constant et al.[31] quantified for the first time the amount
of carbonyl groups in industrial humins, both conjugated and
aliphatic, to be 6.6 wt %. Recently, Cheng et al.[32] identified the

electron donor–acceptor-type interaction of humins fragments,
indicating that a significant fraction of humins are actually

made up by agglomerate of oligomers interacting by weak
forces rather than real macromolecules.

Currently, most characterization studies of humins-like mate-

rials are based on products prepared by hydrothermal carboni-
zation (HTC),[8, 35] which is a widely employed approach for the

production of new carbonaceous materials. Unlike the ACD in-
dustrial processes, HTC consists of a hydrothermal treatment

of carbohydrates in non-acidic conditions, and therefore the
resultant humins are expected to be different.[36–38] Nonethe-

less, characterization and insight into HTC derivatives can lead
to valuable information, as similar conditions are involved and

the products can be more easily isolated and purified from the
reaction medium.[39] When using carbohydrates in low-temper-

ature HTC, several soluble products can be produced, mainly
furanics (HMF, methoxymethylfurfural (MMF), and furfural), as

well as phenols derived from the dehydration of sugars and or-

ganic soluble products (e.g. , lactic acid, acetic acid, formic acid,
and LA).[37, 40] These species undergo polycondensation reac-

tions with different kinetics, leading to humins. Humins can
also be obtained directly from the HMF feed in HTC treatment.

Sevilla and Fuertes[36, 37] observed in the Raman spectra of HTC-
derived humins signals at 1360 and 1587 cm@1, attributed to

the D and G bands of disordered carbon. Similar conclusions

for the molecular structure of HTC-derived humins were ob-
tained by Yao et al. who studied the dehydration products of

fructose.[41] The Raman spectra showed the presence of aro-
matic groups and oxygen-rich fragments, along with the D

and G bands. An alternative molecular structure was suggested
by the Titirici and Baccile group[42, 43] through studies of humins
derived from C5- and C6-sugars. In this model, furan-rich frag-

ments are directly linked together by aliphatic groups at the a

and b positions, whereas LA is physically embedded in the net-
work. Van Zandvoort et al.[33, 34] suggested a mechanism based
on condensation between sugars, HMF, and other intermedi-

ates formed during the dehydration of carbohydrates, yielding
a network of furanic rings bearing alcohol, ketone, aldehyde,

and acid moieties. The condensation of HMF occurs with link-
ages in the a position and substitution in the b position
through nucleophilic attack. An NMR analysis[34] recently pro-

vided evidence for Ca@Caliphatic and Ca@Ca bonds in glucose-de-
rived humins. Also, Cb@Caliphatic and Cb@Cb linkages were found

in smaller amounts. According to infrared spectroscopy (IR) in-
vestigations reported in the literature, HMF-, fructose-, and glu-

cose-derived HTC-humins, generated from different reaction

conditions, have similar spectra.[34, 44] However, Tsilomelekis
et al.[45] performed a deeper investigation, showing the evolu-

tion of the molecular structure as a function of HMF conver-
sion, and confirmed the involvement of nucleophilic attack of

the HMF carbonyl moiety at the a- or b-furanic position. There-
fore, according to these results, humins can be considered as

Scheme 1. Products of acid-catalyzed dehydration of sugars.[18] Examples of humins structures proposed by a) Sumerskii et al. ,[28] b) Patil and Lund,[30] and
c) Van Zandvoort et al.[33, 34]
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carbonaceous C=C conjugated networks based on furan rings,
connected by branched aliphatic chains, and possessing reac-

tive functional oxygen-based groups.
However, humins generated at the industrial scale are defi-

nitely more complicated than a collection of ideal pure humins
molecules, and should rather be considered as complex mix-

tures. Along with humins oligomers, other chemicals that were
present in the reaction medium during the ACD industrial pro-

cess are indeed entrapped in the matrix (i.e. , solvents, prod-

ucts, byproducts, and catalyst), thus leading to much more
complex and heterogeneous materials. On the other hand, pu-

rifying such byproducts before their actual use as a feedstock
is not desirable as it requires time, is frequently not achievable,

and economically not feasible at the industrial level. As a feed-
stock of growing interest, industrial humins are attracting the
interest of the scientific community, and recently several stud-

ies have been conducted to modify their structure or identify
potential applications.[25, 46, 47]

Here, a new approach for humins application is introduced,
which does not require any modification or isolation, and

which can be directly applied to the industrial crude material.
Taking advantage of the hydroxyl, aldehyde, ketone, and acid

groups, we oriented our research to achieve auto-cross-linking

reactions leading to a thermoset porous material.[48] It is shown
that, by using a simple thermal treatment, it is indeed possible

to obtain porous thermosets with tunable properties, just start-
ing from crude industrial humins. These humins foams are

porous tailored structures that might play an important role in
future applications in well-defined fields such as water decon-

tamination and energy,[49] which is a clear economic advantage

for a biorefinery byproduct.

Results and Discussion

Analysis of humins samples

Using the crude industrial ACD-derived humins mixture, that is,

without difficult and expensive purification steps, might be the
key to developing economically interesting industrial applica-
tions.

To better understand the composition, reproducibility, and
reactivity–property relationships, several industrial humins

samples prepared by various processing conditions have been
subjected to chromatographic investigations by gas chroma-

tography (GC) and ultra-performance liquid chromatography

(UPLC). As presented in Table 1, the amount of 5-alkoxymethyl

furaldehydes (RMF), including HMF and MMF (whether encap-
sulated or reactively generated), was found to be between 11.5

and 16.5 wt %. Other peaks were also found by UPLC, but all
were estimated to be below 1 wt %, and therefore are not re-

ported here. The LA content in the humins mixture was found
by GC analysis to be less than 2 wt %. Also, methyl levulinate

(ML) was generally detected, but its amount was below 0.05 %.
Elemental analyses were performed on six samples, and the

results are reported in Table 2. The main elements present in

crude humins were carbon, oxygen, and hydrogen, although
other elements may be present in trace amounts. Such traces

could come from the industrial processes that led to humins
formation or from the source of lignocellulosic biomass, and

were generally estimated to be below 1 wt %. The C amount
varied from 53.4 to 57.7 % for the tested samples, whereas H

was found in the range 5.2–5.9 %, and O was close to 40 %.

According to these results, the composition of the humins

can slightly change depending on the sample. These low varia-
tions can be associated with optimizations in the industrial

ACD process in terms of temperatures and solvents used, feed-
stocks, residence time, or concentrations of reagents. The dif-

ferences in chemical composition are probably not significant,
as all the experiments of auto-cross-linking and foaming per-

formed on the six samples gave very similar results. This obser-

vation can be associated with the fact that, independently of
the sample tested, the phenomena leading to the foam pro-

duction are always present with consistent results.[48] Therefore,
we chose to focus the crude humins characterization only on
the H6 sample, as it was the most readily available.

Fourier transform infrared spectroscopy (FTIR) analyses were

performed to detect the modifications in the humins’ chemical
structure during the auto-cross-linking, depending on the ther-
modynamic parameters of reaction. In the raw humins, the
presence of -OH groups is evident from a peak at 3350 cm@1,
with a broad shape indicative of hydrogen bonds, as presented

in Figure 1 and in Table 3. Carbonyls can be found in particular
at 1705 and 1664 cm@1, mainly associated with humins macro-

molecules and partly with free unbounded monomers (such as

HMF, MMF, and LA). These carbonyls can belong to several
functionalities (aldehydes, ketones, esters, acids), as confirmed

by the variety of peaks. The presence of furanic rings can be
noticed by several signals in the entire spectrum (Table 3). Typ-

ical peaks associated with HMF can be found at 1190 and
1664 cm@1, whereas the presence of ethers can be attributed

Table 1. GC and UPLC analysis of six representative industrial humins
samples.

Sample RMF [%] LA [%]

H1 14.13 1.19
H2 12.35 1.49
H3 13.00 1.40
H4 12.59 1.41
H5 16.43 1.68
H6 11.50 1.25

Table 2. Elemental analysis of six representative industrial humins sam-
ples.

Sample C [%] H [%] O [%] Other [%]

H1 57.71 5.25 35.7 1.34
H2 53.48 5.87 40 0.65
H3 53.59 5.88 40.2 0.33
H4 54.61 5.74 39.5 0.15
H5 53.91 5.76 39.8 0.53
H6 53.43 5.89 39.7 0.98
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by peaks in the 1300–960 cm@1 region. Most detected groups
correspond to highly reactive moieties, which justify the ther-

mosetting aptitude of humins through cross-linking and con-
densation reactions.

Assessment of auto-cross-linking and foaming mechanisms

A polymeric foam can be produced from any polymer, provid-
ed that the three following aspects are met: the polymer is in
a low-viscosity state, gas is released, and there is concomitant
hardening of the material during the formation of bubbles.[50]

According to this generalization, achieving foaming requires a
poorly viscous material (in the molten state or as an unreacted
mixture) that is able to solidify during a physicochemical treat-

ment (by cross-linking), while the key factor is the formation
and release of a gas accompanying the process.

As the thermal events in crude humins are hardly seen by
differential scanning calorimetry (DSC), rheometric analysis was
used as proof that auto-cross-linking occurs during the heating
program. The evolution of the complex viscosity of humins

upon heating up to 200 8C is shown in Figure 2. The first criti-

cal range of temperatures is between 20 and 125 8C, as the

humins’ viscosity drops by approximately 2.5 V 105 Pa s. At
125 8C, the humins’ viscosity reaches a value as low as approxi-
mately 0.48 Pa s, characteristic of a liquid state. Above 140 8C,
fluctuations in the rheogram appear owing to the onset of vol-

atiles release, as observed by optical microscopy during heat-
ing. From then on, the changes of moduli are chaotic, and

only trends are exploitable. The increase of viscosity starting at

170 8C can be associated with the initiation of auto-cross-link-
ing reactions by internal condensations. For the H6-humins

sample, this temperature is the critical point in the process of
condensation and curing, where volatiles are being generated

from the sample bulk, setting the necessary conditions to
obtain foams. These thermal phenomena are subject to some

small shifts in temperature (:5 8C) when the same tests are

performed on different humins samples (H1–H5). However, the
aforementioned, successive, phenomena were always detect-

ed, and therefore the overall mechanism was confirmed for
the whole series of samples tested.

The dynamic storage modulus (G’) and the loss modulus
(G’’) were plotted as functions of temperature to extract infor-

Figure 1. FTIR spectra of crude humins.

Table 3. Peaks assignments for FTIR spectrum of crude humins.

Wavenumber [cm@1] Assignment

3350 @OH
3117 (C=C)@H
3920 C@H (sp3)
2830 C=C
1705 conjugates C=O, COO, esters
1664 C=O, furan ring
1610, 1518 C=C, C=O, furan rings
1398 C=C in ring
1360 C@O
1280–1110 C@O, C@O@C
1190, 805, 776 furan ring
1080 (ethers, esters, furans)
1018 C@O (furan ring)
894 a-CH3 and a-CH2

850–760 =C@H, =CH2, RCH=CHR (cis), C@H

Figure 2. Rheometry analysis of crude humins.
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mation about changes in the sample’s viscoelastic state
(Figure 2). G’ measures the energy that a material stores per

cycle and can be associated with the elastic contribution,
whereas G’’ measures the energy dissipated or lost, and can be

associated with the viscous contribution.[51] The phenomenon
recorded on G’ and localized at around 93 8C is relative to

some evaporation of adsorbed water, leading to a mass loss
lower than 0.3 %, as confirmed by thermogravimetric analysis
coupled with mass spectroscopy (TGA-MS; Figure 4). It should

be mentioned that this water cannot be removed by high-
vacuum treatment at moderate temperatures, nor by pro-

longed heat-treatments; hence, this phenomenon should be
taken into account also for the following tests. A first G’/G’’
crossover point was detected at 114.5 8C, and can be associat-
ed with the initiation of condensation reactions. The recorded

fluctuations of G’ and G’’ above 140 8C are associated with gas
release, leading to bubbling at around 169 8C. A gelation point
is present at around 186 8C, triggering the formation of a giant
macromolecular chain spanning the complete sample volume.
Once initiated, cross-linking and condensation reactions con-

tinued and the hardening process became irreversible.
According to DSC analysis, pristine crude humins presented

a midpoint for the Tg at @15 8C, whereas in foams F250 (de-

rived from humins, details in the Experiment Section), it was
found at 66 8C, proving that the thermal treatment generates

reticulation and cross-linking reactions (Figure S1 in the Sup-
porting Information). The Tg occurs in a wide range of temper-

atures (&40 8C in raw humins, >100 8C in foams), which is
clearly due to the heterogeneous nature of these materials.

Thermogravimetric analysis shows the thermal behavior of

humins and the mass loss associated with this heating process,
along with information about the gases involved in the bub-

bling that lead to the resultant macroporosity. A TGA compari-
son of H6 humins samples under air and N2 is reported in

Figure 3. In both environments, a first mass loss of 38–39 % oc-
curred between 140 and 260 8C, with a maximum at 210–
220 8C. This event can be assigned to the release of low-molec-

ular-mass species present in the humins composition or pro-

duced by condensation reactions. The polymerization between
the chain fragments may also have occurred in this tempera-

ture interval. This is the range of temperatures characterizing
the foaming process, and therefore the gases released here
were those directly implied in the nucleation of bubbles. The
second event occurred between 280 and 340 8C, and corre-
sponds to a mass loss of 19–20 % under air and of less than
10 % under nitrogen. The final event occurred only in air, up to
415 8C. It is related to the thermo-oxidative degradation of

humins and led to the complete gasification of the sample at
560 8C. On the other hand, the thermogram under nitrogen
showed that, at 1000 8C, approximately 26–27 % of the residue
was still present. This value is only slightly lower than that of
pure furfuryl alcohol submitted to pyrolysis under argon
(&40 %).[52]

To identify the species released during these mass loss

steps, humins samples were subjected to investigation by
TGA-MS under Ar (Figure 4). The first phenomenon started at

150 8C with a maximum at 203 8C, and is due to the combina-
tion of several peaks of mass loss related to different species.

CO and MeOH were detected along with CO2, but the principal
volatile species was water. Water can be released as a byprod-

uct in condensation reactions (such as aldol condensation),
leading to losses in oxygenated functional groups. A second
mass loss started at 275 8C with a maximum at 315–340 8C and
is again associated with water loss, with a contribution of CO2

loss, which had its maximum peak at 350 8C. Finally, a third

mass loss step was detected with a maximum peak at 400–
420 8C and was mainly associated with CO release. CH4 was

also detected with a peak at 500 8C, which overlapped the pre-

vious one.

Foaming of humins

To identify which parameters govern the foaming process of
crude humins under air, a preliminary screening with more

Figure 3. Thermogravimetric analysis comparison of H6 humins under air
and under N2 : relative weight loss in % (dashed lines); derivative weight loss
in 1/8C (full lines).

Figure 4. TGA-MS analysis of crude humins under Ar. Thermal program:
heating from 25 to 250 8C at 5 8C min@1; 1 h isothermal step at 250 8C; heat-
ing from 250 to 1000 8C at 5 8C min@1. Gas: Ar, 50 mL min@1.

ChemSusChem 2018, 11, 2797 – 2809 www.chemsuschem.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2801

Full Papers

http://www.chemsuschem.org


than 70 experimental conditions was performed. The foams
were evaluated in terms of reproducibility, homogeneity, mor-

phology (cell dimensions), density, porosity, mechanical proper-
ties, and proportion of open/closed cells as a function of the

humins sample used, amount of material used, type and di-
mensions of the crucible, heating ramp, gas flow, and other

relevant aspects (Table S1 in the Supporting Information).
In general, when a lower amount of humins was used,

foams with smaller pores and higher homogeneity were ob-

tained. Comparing the results obtained by using different cru-
cibles, porcelain generally gave smaller pores and denser

foams. Aluminum pans, on the other hand, tended to give
foams with bigger pores and lower density.

Clearly, the thermal program is of first importance as, de-
pending on: i) final temperature, ii) dynamic and/or isothermal
heating, and iii) heating rate, completely different cell morphol-

ogies can be obtained. The duration of the isothermal step at
the final temperature, however, did not seem to influence the

final material morphology.
Among all the thermal programs investigated, a 10 8C min@1

ramp generally led to more reproducible and uniform out-
comes. All the samples tested gave comparable results, after

previous slight optimization of the parameters. As we chose to

continue the screening on one single sample, the H6 humins,
which was the most readily available, all the foam preparation

conditions and characterizations reported herein again refer to
this sample.

Three experimental conditions/temperatures were found to
be extremely reproducible for foaming humins in an oven

under air (Table 4). Experiment “A” for foam F180 provided a

vertical gradient of cell sizes. The cells were closed, and their

diameter increased from the top (0.4–1.3 mm) to bottom (2.4–
3.5 mm). The same gradients were also reported for tannin-
based foams, which are other cellular materials derived from
biomass.[53] Experiment “B” led to F220: uniform foams with

closed cells and lower cell diameter (0.2–1 mm). Compared
with experiment “A”, the vertical gradient was absent in experi-

ment “B”. This can be explained as follows: as bubbling started

at &175 8C, a progressive and moderate bubbling probably oc-
curred in experiment “A” (180 8C). In experiment “B” (220 8C),

that is, far above this critical point, a diffusive homogeneous
bubbling was generated. Furthermore, as reported in the rheo-

logical analyses, the higher temperature of experiment “B” in-

creased the viscosity, so that bubble generation tended to be
more controlled.

Experiment “C” led to the formation of foam F250 with big
and uniform cells (diameters up to 3 mm). This material looked

more fragile compared with other experiments because of its
bigger pores, providing lower density and thinner cell walls.

Unlike the previous experiment, here half of the cells were
open, while the closed ones had extremely thin walls/mem-

branes.

Other protocols gave less uniform foams and less reproduci-
ble porous structures, which are nevertheless interesting and

worth being studied. Completely open cells were obtained at
temperatures higher than 300 8C. Treatments at 400 8C, de-

pending on the conditions, could lead to thermo-oxidative
degradations (as indicated also by TGA experiments on crude
humins), until complete gasification. When recovered, the ob-

tained residual material presented a loss of cell walls, yielding
a completely open porous structure. The temperature, in these
cases, seems to consume first the thin cell walls and then the
thicker parts of the foam (ligaments and junctions).

Foams were also prepared at higher temperatures by using
a tubular furnace flushed with N2, that is, in an inert environ-

ment. F500 and F900 were found to be less homogeneous

compared with the foams prepared at lower temperatures,
with a complex morphology and a fully open structure.

A post-treatment at 900 8C was also tested for F250. As pre-
viously mentioned, the protocol “C” used for F250 gave really

homogeneous foams with big cells, among which roughly half
were closed by thin polymeric membranes. The idea was to

check if an additional carbonization step, inducing the expect-

ed significant weight loss seen in Figure 3 between
250 and 900 8C, would produce a completely open

structure by preferentially degrading the thinner
parts of the foam. After this post-treatment, a

porous networked material with fully open structure
was indeed obtained (Figure 5). In these F250-900

materials, all the cell walls were lost, leaving only a

honeycomb-like skeleton. Unlike F400, F250-900 pre-
sented a thicker architecture, meaning that the tem-

perature affected only the cells’ surface and not the
bulk of the structure.

Table 4. Best three conditions out of more than 70 tested to achieve highly reprodu-
cible foams under air. In all the experiments, 1 h isothermal step at the final tempera-
ture was used.

Experiment Heating rate Final T Crucible Crude humins Pore diameter [mm]
[8C min@1] [8C] material [g] min. max.

A 10 180 ceramic 50 0.4–1.3[a] 2.4–3.5[a]

B 10 220 ceramic 50 0.2 1
C 10 250 aluminum 23 1.1 3

[a] A gradient was observed.

Figure 5. Morphology of foams F250 before (left) and after (right) post-treat-
ment at 900 8C.
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Foam characterization

Elemental analysis

Elemental analysis of different foams presented in Table 5

shows that, as expected, the O/C ratio decreased with an in-
crease in the final temperature. According to these results, the

carbon content rose from 53.43 % in crude humins to 81.92 %

in F400, while the H and O percentages decreased accordingly

(Table 5). This is due to furanics rearrangement, volatiles loss,

degradation, and aromatization, which occur at higher temper-
ature, consistent with the literature reports for polyfuranic car-

bonization.[54] The oxygen content decreased from 39.7 % in
the crude humins to 13.8 % in F400. This means that oxygen

reactive moieties were mainly reduced but not completely lost
at 400 8C, as already observed elsewhere for heat-treated phe-

nolic-furanic foams.[55]

As shown in Table 5, F900 is a true carbonaceous material,
as its carbon content was a high as 92.56 %. The residual hy-

drogen amount, <1 %, can be associated with an almost com-
plete aromatization of the structure.

The highest carbon content was found for F250-900
(94.48 %). The hydrogen ratio dropped to about 0.5 %, whereas

oxygen remained at a level <2 %. The double thermal treat-

ment thus seemed to favor the loss of reactive moieties and to
enhance the aromatization.

As observed in the Van Krevelen diagram (Figure 6), the H/C
and O/C atomic ratios were linearly related to each other. De-

pending on the foreseen applications, it is therefore possible
to design the composition, especially the carbon content, by

controlling the thermal program during auto-cross-linking and
foaming processes.

Structural characterization

Auto-crosslinked humins foams prepared at different tempera-

tures were characterized by FTIR, and the results were com-

pared with the crude humins spectrum (Figure 7). The signal at
3350 cm@1 shifted to 3421 cm@1 and progressively decreased in
intensity when the temperature of preparation increased,
showing a diminution of hydroxyls in the structure. The shift-
ing of this signal can be related to the increase of the conju-
gated C=C system. The signal at 2920 cm@1, associated with ali-

Table 5. Comparison of elemental analysis for humins and humins foams
prepared with different thermal programs.

Sample C [%] H [%] O [%] Other [%]

crude 53.43 5.89 39.7 0.98
F200 59.08 5.12 34.4 1.40
F250 63.12 4.52 30.9 1.46
F300 67.65 3.86 27.6 0.89
F400 81.92 3.03 13.8 1.25
F900 92.56 0.80 4.59 2.05
F250-900 94.48 0.52 1.85 3.15

Figure 6. Van Krevelen diagram for humins foams. Figure 7. FTIR of auto-crosslinked humins foams.
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phatic C@H stretching, was still detected. It is worth noticing
that the peak at 1664 cm@1 related to CO groups was still pres-

ent in F220, but disappeared from F250. On the other hand,
the peak at 1705 cm@1, which was barely visible in the IR spec-

tra of crude humins, herein clearly appeared in F220 and
became the main signal up to 250 8C. This signal can be associ-

ated with CO groups within conjugated systems, and its in-
crease confirms that reactions of aromatization and rearrange-

ment occurred. Also, a new signal appeared at 1600 cm@1 in

F350, and can be associated with poly-aromatic formation.
The thermal treatment manifested most of its effects in the

furanic region at 1460–1362 cm@1, in which the vanishing of
peaks suggests ring rearrangement. In addition, the loss of the

signal at 1080 cm@1 is correlated with the release of CO found
by TGA-MS, which confirms the breaking of furan ether ring

functions. The signal at 1018 cm@1 assigned to a-CH3 and a-

CH2 bending was maintained, whereas the peak at 894 cm@1

disappeared. The latter can be ascribed to =C@H and =CH2

out-of-plane bending, and this disappearance might be linked
to rearrangements and aromatization, which involve firstly the

external chains, or rearrangement from cis to trans double
bonds (the less energetic stereoisomer). Observed changes in

the region 850–760 cm@1 may correspond to ring rearrange-

ments and hydroxyls loss owing to reactions of condensation
through nucleophilic attack.

Raman spectra of F300 and F900 foams are compared in
Figure 8. The spectrum of F300 is typical of a carbonaceous

material in the carbonization regime (and not in the graphitiza-
tion regime), as it presents the classic D and G bands at

1360 cm@1 and 1590 cm@1, respectively, but with a broad con-

tour and with G being much more intense than D.[56] The D
band (1360 cm@1) is well known in complex carbon-based ma-

terials and is associated with a breathing mode of A1g symme-
try of the carbon rings. In highly disordered carbons, another

broad band, less intense and centered around 1180 cm@1 over-
laps the D band, as also seen here by a shoulder at about
1200 cm@1. This is characteristic of soot or coal chars,[57–59] but

the interpretation of this signal is still under investigation.[60, 61]

The G band (1590 cm@1), instead, corresponds to a Raman

active vibrational 2E2g mode of graphite single crystals, and
can be associated with the degree of metallicity of the struc-

ture.
These two peaks were also detected for F900, with the D

band slightly shifted to 1345 cm@1, which is perhaps due to
the effect of the sp2/sp3 carbon peripheral polyenes. The
Raman peak intensity height ratio ID/IG changed from approxi-

mately 0.75 in F300 to about 1 in F900. Such behavior in the
carbonization regime is characteristic of increased long-range
order in the carbonaceous structure. This is related to a higher
average crystallite size of sp2 carbon domains, owing to the

higher carbon amount and higher aromatization of F900.[62]

This is important proof of the extension of the conjugated

system in reticulated porous networks treated at high temper-

ature under inert gas.

Scanning electron microscopy (SEM) and Brunauer–Emmett–
Teller (BET) method

To investigate the foam morphologies, SEM images were col-
lected for F250, F500, and F900, and are reported in Figure 9.

In F250, well-defined spherical cells with a smooth surface can
be observed (Figure 9, F250 A). The cells were connected to

each other through some circular windows, making the macro-
pores completely open and interconnected (Figure 9, F250 C

and F250 D). However, in some cases, the windows were not

completely open but closed by thin, somewhat wrinkled,
membranes (Figure 9, F250 E). The materials of the F250 foam

looked solid, and no additional porosity could be observed at
such magnification (Figure 9, F250 F). This lack of narrow po-

rosity gives its structure to the foam backbone and makes it
strong. In both F500 and F900, a loss of regularity in the mor-

phology could be noticed, the resultant structure being affect-

ed by degradation and cracking of cell walls and architecture
(Figure 9, F500 A and F900 A). In F900 also, microcracks ap-

peared, which increased the surface area of the material. It is
also possible to see that, whereas F500 did not clearly present

a secondary porosity (Figure 9, F500 C), a number of tiny holes
could be seen at the surface of F900 (Figure 9, F900 C). This

result was confirmed by BET results (Table 6), and is consistent
with the continuous release of volatiles produced at higher

temperature whereas the carbonaceous structure shrinks and

rigidifies at the same time, thereby developing the porosity.
Similar results were also obtained by Burket et al.[54] for the py-

rolysis of polyfurfuryl alcohol : these researchers observed that
with thermal treatments micro- and mesoporosity are ob-

tained. In this case, the effect was associated with the forma-
tion of polyaromatic domains and with the release of decom-

position products.

According to BET analysis (Table 6), the surface area of F250
is about 0.2 m2 g@1, representing a highly macroporous system.

This value rose to 2.3 m2 g@1 with treatment at 500 8C, and up
to 74.4 m2 g@1 with treatment at 900 8C. The foam prepared at

250 8C and post-treated at 900 8C even reached almost
140 m2 g@1. This confirms the production of additional pores inFigure 8. Raman spectra of humins foams F300 and F900.
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F900, as displayed in Figure 9 (F900 D). Considering that this
result was obtained with a single hour of final isothermal treat-

ment at 900 8C, and that a secondary porous network was thus
created, the material might be easily converted into a mono-

lithic activated carbon by heat-treatment in a flow of CO2

steam, for instance, for reaching far higher surface areas.

Porosity and Apparent and real density

As seen in Table 7, the apparent density (1apparent) of foams
F180–F250 prepared in air significantly decreased when the

temperature of preparation increased. This is due to the fact
that higher temperatures produced bigger cells and hence a

more lightweight material, as also shown by the corresponding
increase of porosity (F). On the other hand, the real density

(1real) of these foams remained unaffected as the difference of
temperature used (DT = 70 8C) was not high enough to justify

significant structural changes. F500 and F900 did not follow
this trend because of the very different temperature or treat-
ment: 1apparent increased from 0.046 to 0.069 g cm@3, whereas

Figure 9. SEM images for F250, F500, and F900 foams at different magnifications.

Table 6. BET results for several humins foams.

Sample BET surface area [m2 g@1]

F250 0.2
F500 2.3
F900 74.4
F250-900 138.9

Table 7. Apparent, real, and relative density as well as porosity of
humins-derived foams.

Sample 1apparent

[g cm@3]
1real

[g cm@3]
1relative F

[%]

F180 0.132 1.402 0.094 90.58
F220 0.045 1.407 0.032 96.80
F250 0.020 1.403 0.014 98.58
F500 0.046 1.437 0.032 96.77
F900 0.069 1.985 0.035 96.52
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1real increased from 1.437 to 1.985 g cm@3 owing to the pyroly-
sis at 900 8C. As a result, the relative density (1relative) was rough-

ly constant. This is related to the dramatic shrinkage of the
foam submitted to pyrolysis under inert atmosphere, and to

the conversion of the furanic resin into a disordered carbon
material, the specific weight of which was expected to be

close to 2 g cm@3. Weight loss and volume shrinkage thus com-
pensated almost exactly, leaving the final porosity quite high
and comparable to what was obtained when using lower tem-

peratures in air.

Mechanical properties

The results presented in Table 8 show that humins foams pre-

pared under air are quite fragile materials, given their low
Young’s moduli and compressive strengths. Clearly, far better

mechanical properties were obtained after pyrolysis at 900 8C

(F900) owing to the intrinsic stiffness of glass-like isotropic
carbon derived from furanic resins.

Although these properties remain limited, humins foams

might find applications where mechanical resistance is not crit-
ical, for instance, in most energy and environmental applica-

tions for which materials are used in the form of powders. Get-
ting foams is indeed a very convenient preliminary step before

the surface area and the narrow porosity can be developed
further. Highly porous carbons derived from humins foams

might be quite relevant as catalyst supports, adsorbents, or

electrode materials. More demanding applications such as core
materials for (thermal or acoustic) insulating panels would re-

quire some changes in the formulation and/or the thermal
treatment, but are out the scope of the present paper. For in-

stance, much tougher foams were already obtained by rein-
forcing them with natural fibers.[48]

Conclusions

As byproducts from the industrial acid-catalyzed dehydration
of sugars, humins proved to be excellent precursors for pro-

ducing new rigid porous materials. Their intrinsic self-foaming
and auto-cross-linking ability above 180 8C, without any pre-

treatment, was highlighted. The underpinning mechanism of

humins foaming was identified as a combination of phenom-
ena: melting at 120 8C, release of volatiles (mainly H2O, CH3OH,

CO, and CO2) above 140 8C, auto-cross-linking above 170 8C,
and gelation at around 186 8C. From this point, bubbles were

stabilized in the thermoset humins-based resin, leading to the
cellular structure of the final material.

Auto-cross-linking is possible by the presence of several re-
active oxygen moieties such as hydroxyls and carbonyls, which

can be involved in aldol condensation, along with reactions of
rearrangements and furan condensation. Indeed, FTIR showed
that -OH groups were progressively lost when increasing the
foams’ preparation temperature, whereas CO groups were
more and more involved in the conjugated systems. New
peaks appeared with temperature, associated with furanic rear-

rangement and aromatization.
Humins foams could be obtained with high control of mor-

phology and cell dimensions by adjusting the parameters used
during their preparation process. Foams prepared at low tem-
peratures (between 180 and 250 8C) were quite homogeneous

in terms of size and shape of the cells, the latter being mainly
closed. Foams prepared at higher temperatures (350–900 8C)

were gradually less homogeneous, with a more open porosity,

until only a reticulated structure remained. Higher tempera-
tures of treatment increased the surface area and produced a

secondary porosity, and could be converted into true vitreous
carbon foams at 900 8C under inert atmosphere. In addition,

pyrolysis considerably improved the mechanical properties of
the materials, and opened the routes towards environmental

and energy applications, such as catalyst supports, absorbents,

or electrode materials. This will be the subject of forthcoming
studies.

Experimental Section

Six crude humins samples were provided by Avantium Chemicals,
which were produced by using different times/protocols at the
Avantium pilot plant in Geleen (Netherlands) in 2016 during ACD
of fructose and glucose into MMF. The ACD conversion of hexoses
into MMF is a key step in the production of 2,5-FDCA (2,5-furandi-
carboxylic acid) for the formation of polyethylene furanoate (PEF).
The as-produced humins were then distilled under high vacuum to
remove most of the HMF and MMF content, and then used as re-
ceived. These humins oligomers have molecular masses that gener-
ally range from 270 to 650 g mol@1.[46]

Humins foams preparation

All humins foams described herein were prepared from crude
humins by using the following thermal program: heating from
room temperature (r.t.) to final temperature at 10 8C min@1; iso-
therm = 1 h. After the process, the samples were allowed to cool
down to r.t. Foam samples were named “F” followed by the final
temperature used (e.g. , F250 was prepared by using 250 8C as the
final temperature).
F180, F200, F220, F250, F300, F350, and F400 were prepared in air
in Nabertherm K430/75 and Nabertherm N30/85HA ovens, by
using Haldenwanger Evaporating Basin Porcelain Flat 888/6A, LLG-
Incinerating Dish and disposable aluminum pans as crucibles.
F500 and F900 were prepared under inert atmosphere (flowing N2,
80 mL min@1) in a Carbolite CTF 12/100/900 Tube Oven furnace, by
using a LLG-Incinerating Dish.
F250-900 was prepared from F250 by using a second temperature
program until 900 8C under N2.

Table 8. Young’s modulus E and compressive stress s of humins foams.

Sample E [MPa] s [MPa]

F180 0.60 0.006
F250 0.52 0.011
F900 12.23 0.123
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Chromatography

An external standard solution (ESS) was first prepared by dissolving
saccharine (8 g L@1) and dioxane (3 g L@1) in acetonitrile (MeCN).
A sample for GC was then prepared by dissolving humins in 4 mL
ESS + 2 mL water (if required, an ultrasonic bath was used to fully
dissolve the sample). Another sample for UPLC was prepared from
20 mL GC sample + 800 mL water + 180 mL MeCN.
GC analyses were performed with an Interscience Trace GC device,
equipped with a FID detector and VF WAXms column, id 0.25 mm,
film thickness 0.25 mm, 30 m. Eluent: MeCN/H2O 50:50; injection
volume: 1 mL. Dioxane was used as the standard for both calibra-
tion and samples.
UPLC analyses were performed with a Waters Acquity UPLC HSS
C18 column, 2.1 V 100 mm, 1.8 mm. Eluent: 0.2 % trifluoroacetic acid
in H2O and MeCN/MeOH 50:50. Injection volume: 3.5 mL; flow:
0.4 mL min@1; internal standard: saccharine (measured at 250 nm).
Column temperature: 50 8C, equipped with UV and ELSD detectors.
MMF and HMF contents were detected by UPLC-UV analysis.

Thermal analysis

TGA was performed by using a Mettler Toledo TGA/SDTD 851, with
a microbalance precision of :0.1 mg. The data were treated with
START software. Humins and humins foams (10–15 mg) were in-
vestigated in 70 mL alumina pans as crucibles. Humins foams were
crushed before analysis to obtain homogeneous powder samples.
The investigations were performed by using dynamic thermal pro-
grams from 25 to 1000 8C at a heating rate of 10 8C min@1 and
under air or nitrogen flow (50 mL min@1).
TGA-MS studies were performed with a Netzsch STA449F3 thermo-
balance coupled to an A[olos QMS403D mass spectrometer
equipped with a quadrupole analyzer. Crude humins samples of
approximately 20 mg were heated under inert gas (Ar,
50 mL min@1) in alumina pans from 25 to 1000 8C at 5 8C min@1 with
an isothermal plateau of 1 h at 250 8C. The transfer line was heated
at 250 8C and maintained under vacuum (1 V 10@9–1 V 10@8 bar). The
gases were analyzed in the range 1–300 amu. Peaks associated
with flowing Ar (m/z = 40, 38, and 36) were removed from the
spectra.
DSC studies on crude and foamed humins were conducted with a
Mettler-Toledo DSC-1 equipped with FRS5 sensor and monitored
by START software. The calibrations (temperature, enthalpy) were
performed by using indium and zinc standards. Samples of 7–
11 mg were placed in 40 mL aluminum crucibles with sealed lids
pierced by a single hole. The same crucibles were used as referen-
ces. Humins foams were crushed before analysis. The experiments
for detecting the temperature range of Tg were conducted be-
tween @60 and 125 8C for crude humins and between @60 and
@300 8C for humins foams, with a 30 8C min@1 ramp in both cases.

Rheology

Rheological characterization of crude humins was performed with
a Thermo Scientific HAAKE MARS Modular Advanced Rheometer
System operated with a plate–plate geometry (1 mm gap). Experi-
mental conditions were: sample weight &10 g; temperature range
from 0 to 200 8C at 1 8C min@1; 5 % deformation, oscillation frequen-
cy 1 Hz.

Raman spectroscopy

Raman spectra of two samples of humins foams (F300 and F900)
were acquired at room temperature by using a DXR Raman Micro-
scope AXX1606015 series, with laser depolarized at wavelength
532 nm, grating 900 lines mm@1, split aperture 25 mm; acquisition
time of exposition 0.25 s, number of expositions 120.

Pycnometry

Four different humins foams prepared in ceramic crucibles were
characterized in terms of 1apparent, 1real, and F. 1apparent was calculat-
ed as the weight/volume ratio of foams shaped like parallelepipeds
of accurately known dimensions. 1real or skeletal density, being the
density of the solid material constituting the foam, was estimated
by helium pycnometry after grinding the sample, using an Accupyc
II 1340 (Micromeritics, USA) apparatus. From the two aforemen-
tioned quantities, 1relative was defined as the ratio of 1apparent to 1real.
The overall porosity (dimensionless), was calculated as F=

1@1relative. The measurements were performed on parallelepiped
samples of humins foams of typical size around 3 V 3 V 1.5 cm, cut
out of bigger foam blocks.

Mechanical tests

The mechanical properties of humins thermoset foams prepared in
ceramic crucibles were investigated by quasi-static compression by
using an Instron 5944 universal testing machine equipped with a
2 kN head, and using a load rate of 2.0 mm min@1. Three samples
of dimensions approximately 3 V 3 V 1.5 cm were tested in the
growing direction for each formulation. Owing to their brittle char-
acter, the opposite faces of parallelepiped sample of the same ma-
terial were glued to poly(methyl methacrylate) (PMMA) plates with
a high-resistance epoxy adhesive (Araldite) before testing, accord-
ing to a described method.[63] During the test, deformation and
load were continuously recorded: the modulus was estimated
from the slope of the longest linear region at strain typically lower
than 10 %, and the compressive strength was defined as the high-
est stress before densification.[64, 65]

FTIR

FTIR analyses were performed with a PerkinElmer Spectrum BX
FTIR System (range 4000–600 cm@1, 32 scans, resolution 4 cm@1, in-
terval 2 cm@1). All the spectra were treated with baseline automatic
correction and smoothing. Crude humins samples were analyzed
by using attenuated total reflection (ATR) mode. Humins foams
were analyzed based on the ground material mixed with KBr
(&2:100) to obtain sufficient signal intensity.

Elemental analysis

Crude humins elemental analyses were performed with inductively
coupled plasma (ICP) by Mikroanalytisches Labor Pascher, Rema-
gen, Germany.

SEM

SEM observations of F250, F500, and F900 were carried with a
Tescan Vega3 XM scanning electron microscope. Prior to observa-
tion, samples were cut and coated with platinum. A 5 kV accelerat-
ing voltage was used for imaging.
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Nitrogen adsorption

The humins foams surface area was estimated by using a TriStar
3000 device from Micromeritics serial #470. The surface area was
calculated by the regression line in the BET transform plot of nitro-
gen adsorption at @196 8C of crushed samples, according to the
BET model equations.[66] Prior to analysis, the samples were dried
at 200 8C under a N2 stream.
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